Introduction
Cytidine to uridine (C-to-U) RNA editing is a posttranscriptional process that modifies one or more cytidine (C) nucleotides to uridine (U) nucleotides in transcript sequences, without changing the corresponding genomic sequences. C-to-U RNA editing involves various mechanisms and functions; the process can create start or stop codon and can alter encoded amino acids and splice site choices (1) . C-to-U RNA editing was first reported in vertebrates for the mRNA encoding apolipoprotein B (apoB). The mechanism of apoB editing was later shown to involve hydrolytic deamination at the C4 position of the cytidine (2, 3) . This conversion requires cis-acting elements (tripartite regulatory sequences) surrounding the edited cytidine and trans-acting elements (a multiprotein complex known as the editosome), which includes a catalytic cytidine deaminase and multiple auxiliary proteins (1) . C-to-U RNA editing has also been reported in mitochondria and chloroplasts in higher plants (4) . C-to-U RNA editing is conserved among species of flowering plants and usually occurs within regions of highly conserved amino acid sequences of mitochondrial proteins (5) .
C-to-U editing and adenosine to inosine (A-to-I) editing are two distinct types of substitutional RNA editing in mammals. Because substitutional RNA editing has powerful potential to recode point mutations, many studies have focused on manipulating and mimicking RNA editing; a therapeutic RNA editing approach was first proposed and applied in 1995. The goal of this approach is to correct mutated RNA sequences in order to treat genetic diseases caused by point mutations. Subsequently, several other studies have improved and developed this method, termed enzymatic sitedirected RNA editing. This innovative approach could potentially be applied for treating human diseases such as some neurological disorders by repairing adenosine or cytidine mutations in mRNA without changing the endogenous level of the mRNA target. Enzymatic sitedirected RNA editing includes not only C-to-U editing but also A-to-I editing. While enzymatic site-directed A-to-I RNA editing was successfully performed both in vitro and in cells, enzymatic site-directed C-to-U RNA editing has not yet been reported. Theoretically, both of these editing approaches employ the same strategy and the RNA editing machinery requires two main factors: complementary RNA sequences that can specifically bind to targeted sequences (guide RNA) and the editing enzyme that performs deamination. Moreover, nonenzymatic site-directed C-to-U editing was recently reported and has prompted great interest because it does not require the restrictive conditions dictated by sitedirected enzymatic RNA editing. Therefore, the present review focuses on enzymatic site-directed A-to-I RNA editing and non-enzymatic site-directed C-to-U RNA editing for correcting genetic diseases.
C-to-U RNA editing in mammals
Although various types of RNA editing occur in mammalian cells, deamination of adenosine to inosine (A-to-I) or cytidine to uridine (C-to-U) are the two major types of RNA editing (6, 7) . A-to-I deamination has been observed at hundreds of thousands of sites and mostly occurs in non-coding and intronic regions, especially in targets containing Alu repeat sequences (8, 9) . When A-to-I editing occurs in coding regions, it has most commonly been associated with the recoding of brain proteins (10) . C-to-U RNA editing is less prevalent than A-to-I RNA editing in humans (7) . The few identified physiological C-to-U RNA editing targets include apolipoprotein B (apoB) pre-mRNA in intestinal cells and several recently validated, but uncharacterized mRNA targets; in an early study, 32 previously unknown APOBEC1 (apoB editing catalytic subunit 1) editing sites in the 3' untranslated regions (3' UTRs) of diverse mRNA transcripts were identified and validated (11) . In addition, 56 novel editing sites in 54 intestinal mRNAs and 22 novel sites in 17 liver mRNAs in AU-rich segments of the 3' UTRs were also identified (12) . Recently, 410 C-to-U RNA editing events across 275 transcripts were also found in bone marrow-derived macrophages, and nearly all (97%) of these C-to-U events were detected in the 3' UTRs (13) . C-to-U RNA editing of apoB pre-mRNA occurs at nucleotides 6666 and 6802 in the nucleus (14, 15) . The C6666U editing event changes a glutamine codon (CAA) to an in-frame translational stop codon (UAA). Thus, C6666-unedited apoB RNA generates a fulllength ApoB100 protein, whereas C6666U-edited apoB RNA yields a truncated ApoB48 protein (48% of the full-length ApoB100 protein). ApoB100 is synthesized in the liver, whereas ApoB48 is generated in the small intestine. The tissue-specificity of apoB RNA editing in humans is due to the tissue-specific expression of apoB editing catalytic subunit 1 (APOBEC1), which is expressed solely in the small intestine. APOBEC-1 enzyme is a member of the cytidine deaminase (CDA) family that act on monomeric nucleoside and nucleotide substrates, and has ability to carry out the deamination from cytidine (C) to uridine (U) in pre-mRNA target. Both ApoB48 and ApoB100 proteins play important roles in regulation lipid metabolism (14) . The C6802U editing event changes a threonine codon (ACA) to an isoleucine (AUA). The C6802U editing event occurs together with the C6666U editing event; therefore, C6802U is detected in the mRNA but is not expressed in the truncated ApoB48 protein (15) .
C-to-U RNA editing is dependent on cis-acting elements, as well as on the stoichiometric regulation of trans-acting factors within the macromolecular enzyme complex (editosome) responsible for targeted deamination. The cis-acting elements consist of 50 nucleotides (nt) flanking the edited cytidine containing a tripartite regulatory motif (the mooring sequence), which includes an 11-nt motif (UGAUCAGUAUA) located in an AU-rich sequence downstream of the edited base; these cis-acting elements combining with trans-acting factors are necessary and sufficient to carry out C-to-U RNA editing in vitro (16) (17) (18) (19) (20) . The mooring sequence located at the 3' of the edited cytidine is combined with a 5' efficiency sequence to adopt a stable secondary structure that enhances specificity (18, 19) . The core of the C-to-U editing editosome includes at least three proteins: APOBEC1 and two requisite cofactors, APOBEC1-complementation factor (ACF) and RNA-binding-motif-protein 47 (RBM47) (21) . APOBEC1 is a member of the APOBEC family of RNA-specific cytidine deaminases. Similar to other members of the cytidine deaminase family, APOBEC1 contains a zinc-dependent deaminase domain important for cytidine deamination (22) . APOBEC-1 forms homodimers in which specific amino acids within the APOBEC1 catalytic domain are bound to AU-rich sequences in the vicinity of the apoB pre-mRNA. This binding is weak and insufficient for mRNA association in vitro (23) ; therefore, the ACF cofactor (known as A1CF), a putative RNA-binding protein (RBP), is required. This cofactor binds the mooring sequence with high affinity and together with APOBEC1 forms the minimal editosome in in vitro experiments (21) . ACF is a member of the Elav/HelN1/HuR family and contains multiple repeats of a single-stranded RNA-recognition motif (RRM We therefore discuss C-to-U editing in plants, not only as a comparison with the process occurring in mammals, but also as an expected correlation. There are two main types of RNA editing occurring in plants: C-to-U RNA editing and, less frequently, U-to-C RNA editing. C-to-U RNA editing takes place in plant plastids and mitochondria (29) (30) (31) (32) . Both organelles contain their own circular genomes, which encode genes responsible for photosynthesis and respiration, respectively. The circular genomes of plastids in higher plants are 120-130 kb nucleotides in size; it is estimated that 20-30 cytidines are converted to uridines, suggesting that the average editing frequency is approximately 0.02% in the plastid genome (33) . Few mRNAs in plastids do not contain either start or stop codons; therefore, C-to-U editing enables the expression of functional proteins by generating start or stop codons and modifying amino acid sequences (34) (35) (36) . In plastids, C-to-U RNA editing occurs in mRNAs but not in other RNA types, including transfer RNA (tRNA) and ribosome RNA (rRNA).
The average editing frequency in plant mitochondria is much higher than in plastid C-to-U RNA editing; for example, the total size of the mitochondrial genome in Arabidopsis thaliana (A. thaliana) is approximately 367 kb, with only 30 kb consisting of genes encoding the subunits of respiratory chain complexes (37) . However, 441 C-to-U RNA editing events have been identified in mitochondrial open reading frames (38) . In contrast with plant plastids, C-to-U RNA editing of plant mitochondria occurs in both mRNA and tRNA, but not in rRNA. In mitochondria, C-to-U editing events occur in coding regions and less frequently in introns and other untranslated regions. These events restore and correct open reading frames to enable gene expression in plant mitochondria. Without C-to-U RNA editing, several respiratory chain proteins would not be produced and no functional mitochondria could be assembled and maintained in plant cells. In addition, C-to-U editing events in mitochondrial tRNAs are essential for restoring important base-pairings to correct the folding and processing of tRNA precursors (39, 40) .
C-to-U RNA editing in plants involves various corresponding editing machineries and mechanisms. Moreover, it is clear that cis-elements adjacent to the editing sites are necessary to ensure C-to-U editing specificity. Many studies have shown that, in contrast with mammalian cis-elements, the major cis-acting recognition elements in plants are located in the 5' flanking region upstream of the editing sites, while the 3' flanking region makes a relatively small contribution to C-to-U RNA editing efficiency. Cis-elements are multiple RRMs in ACF are necessary for its interaction with the APOBEC1 enzyme (24) . Interestingly, while ACF knockout mice (ACF -/-mutant mice) die early during gestation, editing efficiency is increased in ACF +/-mutant mice, which is inconsistent with the fact that ACF is required for editosome activity in vitro. Although there is much biological evidence for ACF and APOBEC1-mediated C-to-U deaminase activity in vitro, there is as of yet no clear evidence that ACF is genetically required for apoB RNA editing in vivo. Thus, the role of ACF in the complex in vivo remains to be elucidated (25) . Recently, a novel RBP (RBM47) was identified as another cofactor that is essential for C-to-U RNA editing in vivo (26) . RBM47 can interact with APOBEC1 and ACF in the holoenzyme of the editosome and function with APOBEC1 in editing apoB transcripts. However, the functional consequences of the interaction between ACF and RBM47 in vivo remain unclear. Moreover, RBM47 can also substitute for ACF in the enzyme complex performing C-to-U RNA editing in vitro. Rbm47 gt/gt mutant mice, which harbor a gene-trap mutant allele expressing β-geo instead of Rbm47, does not have detectable Rbm47 mRNA or RBM47 protein expression or Rbm47 activity and in the small intestines of these mice, the C-to-U RNA editing of apoB and four other C-to-U RNA editing targets (Sult1d1-Sulfotransferase 1 family member D1, Serinc1-Serine Incorporator 1, Casp6-Caspase 6 and 2010106E10Rik-RIKEN cDNA 2010106E10) was significantly reduced even though their expression levels were not changed. Therefore, RBM47 plays a critical role in C-to-U RNA editing and is a component of the editosome (26) .
Interestingly, APOBEC3A (A3A), another member of the cytidine deaminase family that is structurally related to APOBEC1 and is expressed primarily in myeloid cells, including monocytes and macrophages, has been identified as a novel C-to-U RNA editing enzyme (27, 28) . A3A functions in the inhibition of retrotransposons and several viruses including HIV-1 (human immunodeficiency virus type 1), HTLV1 (human T-cell lymphotropic virus type 1), HPV (human papillomavirus), parvovirus, and hepatitis B. The transcripts of hundreds of genes, including implicated viral pathogenesis, Alzheimer's disease, peripheral blood monocytes exposed to hypoxia and/or interferons, and M1 (proinflammatory) macrophage differentiation, undergo site-specific C-to-U RNA editing (27, 28) .
C-to-U RNA editing in plants
In addition to mammals, C-to-U RNA editing also takes place in plants. Although essential differences are known between C-to-U editing in mammals and C-to-U editing in plants, it may be technically possible to modify or combine components of the plant RNAediting apparatus (especially the cytidine deaminase required for C-to-U RNA editing in both plastids and mitochondria (41) (42) (43) (44) (45) . In general, an upstream sequence of <20 nucleotides, and in some cases a downstream sequence of <10 nucleotides, suffice as cis-elements for RNA editing (46) . Some components of transacting factors bind to cis-elements at the essential 5' flanking upstream region and, subsequently, the specific downstream cytidine is recognized and targeted as an editing site. Next, the RNA editing machinery is recruited to the editing site and enzymatic modification occurs, changing the targeted C to U.
Several pentatricopeptide repeat (PPR) motifcontaining proteins have been identified as one part of the trans-acting factors required for C-to-U RNA editing in both chloroplasts and mitochondria. These PPR proteins have been characterized as site-specific recognition factors for a number of targeted cytidines that bind directly to cis-elements. PPR proteins consist of tandem arrays of degenerate 35-amino-acid repeats (the PPR motifs), which can vary in number from 2 to 30 (47) (48) (49) . The PPR family can be divided into the P and PLS subfamilies, based on the PPR motif structure (50) . The PPR family includes many members; approximately 450 family members exist in Arabidopsis including approximately 250 and 200 P and PLS subfamily members, respectively (51) . Members of the P subfamily contain a simple array of PPR motifs (P), whereas those of the PLS subfamily contain an array of triplets namely, long (L) and short (S) PPR-like motifs and canonical PPR motifs (P). Members of the PLS subfamily can be further divided into the PLS, E/E+ (Extended), and DYW (Aspartate-tyrosine-tryptophan) classes according to the different C-terminal domains (50, 52) . Members of the PLS subfamily has been reported as trans-acting RNA editing factors in plants, whereas P subfamily members are associated with the RNA maturation process including the translational machinery. The PPR motif contains two anti-parallel α-helices that interact with each other to generate a helix-turn-helix motif; a series of helix-turn-helix motifs is then combined into a super-helix that has a specific central groove. This central groove controls protein binding to specific cisacting element(s) on the targeted RNA with one PPR motif binding one nucleotide (47, 51) . Arabidopsis species contain approximately 650 C-to-U RNA editing sites in two organelles. These sites are recognized by ~200 members of the PLS subfamily, although it is possible that a single trans-acting factor could recognize more than two sites on average. For example, CRR22 (Chlororespiratory reduction22) and SOL2 recognize at least three cis-acting sites in the plastid and at least six sites in mitochondria, respectively (53, 54) .
To date, it has been unclear how a single PPR protein recognizes multiple target sequences; however, recently, other accessory proteins such as RNA-editing factor-interacting protein (RIP, also known as multiple sites organellar RNA editing factors, or MORFs) (55-58) and organelle RNA recognition motif factors (ORRMs) (56, 59) in the RNA editing apparatus have been identified. The MORF/RIP family in Arabidopsis includes 10 members. Of these, MORF2/RIP2 and MORF9/RIP9 have been reported in plastids, whereas MORF8/RIP1 has been identified in both plastids and mitochondria. RIP10 is encoded by a pseudogene, and the remaining family members have been reported to function in mitochondria. MORF proteins play an important role in C-to-U RNA editing, supporting an ordered spatial connection between PPR and other proteins. Another potential function of MORF proteins may contribute to site-specificity of the editing enzyme to the targeted C and may be associated with their ability to bind metal ions, such as cobalt (55) . ORRMs contain an RRM at the C-terminus. The ORRM family has four major members. ORRM1 is a plastid editing factor, whereas ORRM2, ORRM3, and ORRM4 have been identified as mitochondrial RNA editing factors. The functions of ORRM proteins are unclear; however, they may play a similar role to the MORF factors. The interaction between PPR proteins and other trans-acting factors requires further investigation (59, 60) .
The mechanism of C-to-U substitution editing in plastids and mitochondria is predicted to be very similar to that of apoB mRNA editing, and an APOBEC-1-like cytidine deaminase enzyme may be involved in this process. At least eight cytidine deaminases have been identified in A. thaliana. One of these, A. thaliana cytidine deaminase 1 (At-CDA-1) has been characterized; however, this protein has no affinity for RNA and cannot perform RNA editing (61) . These findings led to the hypothesis that a yet unidentified nuclear encoded protein may be exported to these organelles; to date, the components of the plant RNA editing apparatus are not fully understood.
Enzymatic site-directed A-to-I RNA editing
Therapeutic RNA editing or site-directed RNA editing is an approach that corrects mutated mRNA sequences in order to treat genetic diseases caused by point mutations (62) . Using mRNA vs. DNA as a gene therapy target is advantageous because targeted mRNA will be replenished after treatment; thus, the applied changes are not maintained or passed on to the next generation as would occur by targeting DNA. Moreover, mRNA-targeted therapy does not alter the physiological level of the endogenous mRNA (63) . The site-directed RNA editing machinery requires two main factors: a guide RNA component that specifically recognizes the sequence to be edited and another RNA editing enzyme component that performs the modifying activity (62) . RNA editing is naturally prevalent in mammals; when it occurs in coding regions, it results in single amino acid substitutions, and when it occurs in noncoding regions, it leads to changes in RNA processing. Thus, if RNA editing could be targeted to a user-defined mRNA site, it would have great potential for the treatment of genetic diseases related to point mutations (64) . Site-directed RNA editing includes site-directed C-to-U editing and A-to-I editing. Several site-directed RNA editing studies have been conducted recently; and all of which have successfully performed for manipulating site-directed A-to-I transitions (63, 64) . C-to-U-transition editing has only been hypothetically reviewed. With further refinement of the technology, site-specific C-to-U editing may potentially be accomplished with similar strategies of enzymatic editing. Therefore, in this section, site-directed A-to-I editing will be described and explained in more detail.
A-to-I RNA editing converts adenosine (A) to inosine (I), which is read as guanosine (G); thus, this conversion effectively results in a change from A to G. When A-to-I editing occurs in an mRNA open reading frame, it can recode 12 of the 20 canonical amino acids into a substitute codon, or a start or stop codon (65) . Well-known examples of transcripts that undergo A-to-I editing include the calcium-gated glutamate receptor (GluR-B) and the 5-hydroxytryptamine 2C receptor (5HT2c) (66) . During RNA editing, the base conversions occur by hydrolytic deamination catalyzed by adenosine deaminase acting on RNA (ADAR) enzymes (65, 67) . Members of the ADAR family can perform A-to-I RNA editing without additional cofactors in vitro (68) . ADAR enzyme family includes three members (ADAR1, ADAR2, and ADAR3), which are highly conserved in mammalian cells. The A-to-I editing enzymatic activity of ADAR1 and ADAR2 has been demonstrated, whereas that of ADAR3 has not. ADAR enzymes consist of distinct domains that perform different functions. A catalytic domain containing conserved amino acid residues is situated at the C-terminus. This catalytic domain catalyzes the hydrolytic deamination of A to I. One-to-three repeats of the highly conserved dsRNA-binding domain (dsRBD) (approximately 65 amino acids) that bind(s) both perfect and imperfect RNA duplexes are found at the N-terminus (6).
An early therapeutic RNA editing study involved the design and synthesis of a synthetic complementary RNA oligonucleotide to direct the correction of a premature stop codon mutation in dystrophin RNA. The complementary RNA oligonucleotide was first inserted into the reaction. This complementary RNA oligonucleotide hybridizes perfectly with the targeted sequences that contain a premature stop codon and the hybrid activates the endogenous ADAR enzyme in nuclear extracts or in Xenopus embryos. Subsequently, the premature UAG stop codon is corrected to a UGG codon (Trp) both in vitro and in Xenopus embryos. Importantly, only complementary RNA oligonucleotide was used in the study, and the endogenously expressed enzymes were induced to nonspecifically edit the region (62) .
To obtain specific site-directed RNA editing, the dsRBDs of human ADAR1 (hADAR1) or human ADAR2 (hADAR2) were replaced with an antisense RNA oligonucleotide-guide RNA turning them into guide RNA-dependent enzymes. The antisense RNA oligonucleotide has an important function in guiding the catalytic activity to a specific position on the mRNA and forming the secondary structure required for the highly efficient and selective editing of the single targeted adenosine. An RNA-binding protein that could be genetically encoded is required to link the hADAR deaminase domain and an antisense guide RNA oligonucleotide. The linkage between the hADAR deaminase domain and the RNA-binding protein, and the interaction between the antisense guide RNA and the RNA-binding protein should be small so that they do not interfere with the function of the deaminase domain or the guide RNA. Moreover, high-affinity binding is required to drive the editing process in the complex cellular environment (63) . To date, only a few studies have been conducted to examine site-directed enzymatic RNA editing.
In one study, the deaminase domain of hADAR was coupled with the guide RNA by using an in vitro reaction. The covalent attachment between human O 6 -alkylguanine-DNA-alkyltransferase (AGT) or SNAPtag and O6-benzylguanine (BG) was used to couple the deaminase domain of hADAR and the guide RNA. The SNAP-tag is a small protein, which is suitable for direct covalent interactions with BG, resulting in the formation of a stable bond. The guide RNA-dependent deaminase was generated by substituting the N-terminal dsRBD with a SNAP-tag. The gene sequence encoding the hADAR1 deaminase domain was combined with a sequence encoding a SNAP-tag in a single vector, resulting in the expression of a fusion consisting of the hADAR1 deaminase domain fused to a SNAP-tag. Next, synthesis of the BG-guide RNA was conducted by solid-phase peptide synthesis. The vector containing the hADAR1 deaminase domain SNAP-tag fusion and the BG-guide RNA were transfected into cells to generate a guide RNA-deaminase conjugate. The hADAR1 deaminase domain and guide RNA were assembled by a rapid and specific single covalent bond between the SNAP-tag and BG moiety (Figure 1) . After the guide RNA-deaminase conjugate was generated, it rapidly carried out site-directed specific RNA editing of the target mRNA, and the results showed the subsequent repair of a premature stop codon (UAG) into a tryptophan codon (UIG) in a fluorescent reporter gene, both in vitro and in human cells (293T) (69) . Recently, the BG moiety was chemically masked using a light-sensitive 6-nitropiperonyloxymethyl (Npom) protection group, resulting in Npom-protected O6-benzylguanine (Npom-BG). The Npom group has two regioisomers (N7 and N9); both N7 Npom-BG
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BioScience Trends Advance Publication P6 and N9 Npom-BG efficiently decayed to release BG when irradiated with 365-nm light using a common ultraviolet (UV) light table. Because the repair reaction (enzymatic site-directed A-to-I RNA editing) was dependent on the covalent attachment of guide RNA to the ADAR enzyme, the duration, location, and dosage of the editing reaction could be precisely controlled by triggering the assembly of the covalent RNA-protein conjugate (70) .
In another study, the catalytic domain of hADAR2 was linked with antisense guide RNA using a naturally occurring binding reaction; λ-phage N protein-boxB (λN peptide-boxB) was used to generate a linkage between the hADAR2 deaminase domain and the guide RNA. The λN peptide consists of 22 amino acids, which were fused to the hADAR2 deaminase domain (DD), and the 17-nucleotide boxB containing a hairpin structure was combined with the guide RNA. The sequences that encode the hADAR2 deaminase domain were combined with the sequences encoding the λN peptide in a single vector, resulting in expression of the λN-DD fusion protein. Next, the boxB sequences were linked with the guide RNA sequence in another vector. Both vectors were transcribed using an in vitro transcription kits. Then, the synthesized RNAs were directly injected into cells and, following translation, the λN peptide rapidly bound to boxB with high affinity, thus generating a recombinant enzyme that could be directed efficiently and selectively to edit a single adenosine (Figure 2) . In vitro assays have shown that this recombinant enzyme can successfully correct a premature termination codon in an mRNA encoding the cystic fibrosis transmembrane conductance regulator anion channel. Moreover, in Xenopus oocytes, the recombinant enzyme could also correct cystic fibrosis transmembrane conductance regulator mRNA, restore the full-length protein, and reestablish functional chloride currents across the plasma membrane; while in human cell lines it could correct a nonfunctional version of enhanced green fluorescent protein containing a premature termination codon (63) .
Currently, site-directed enzymatic RNA editing is limited to mutations that can be corrected by recoding A-to-I; however, the same approach should be extended to cytidine deaminases that convert C-to-U. If artificial site-directed enzymatic C-to-U RNA editing could be successfully completed, this enzymatic site-directed RNA editing approach could be applied to a wide variety of codons.
Non-enzymatic site-directed C-to-U editing
Non-enzymatic site-directed editing has prompted great interest recently because this method does not require the restrictive conditions dictated by enzymatic site-directed RNA editing. Fujimoto et al. were the first to report the application of this method for artificial C-to-U DNA and RNA editing. Their method involved the design and synthesis of 5-carboxyvinyl deoxyuridine nucleoside ( CV U)-and 3-cyanovinylcarbazole nucleoside ( CNV K)-modified oligodeoxynucleotides (ODNs) for artificial DNA and RNA editing (71, 72) (Figure 3b and Figure  4b ). These modified ODNs were synthesized by standard phosphoramidite chemistry on a DNA synthesizer, with a post-modification procedure following ODN synthesis (71) . In terms of the chemical structure, if deamination removes the amino group of cytidine (C) at the fourth position in the pyrimidine ring to form a ketone group, cytidine (C) converts to uridine (U).
These modified ODNs are covalently bound to 
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BioScience Trends Advance Publication P7 the target DNA strand via a (2+2) photocycloaddition b e t w e e n t h e p h o t o r e a c t i v e n u c l e o s i d e a n d deoxycytidine at a specific position in the target DNA following UV irradiation at 366 nm. Next, the target cytidine undergoes photo-transition to uridine by heat-treatment; the target/ODN heteroduplex is UVirradiated at 312 nm leading to photosplitting and subsequent artificial editing with a C-to-U phototransition (71) . The chemical mechanism underlying artificial RNA editing is not fully clear; however, it may utilize the same mechanism as artificial single-strand DNA editing. The developed photo-transition process also involves four main reactions. In the first step the modified ODNs and the target RNAs are hybridized; the hybridized modified ODNs and the target RNAs are then photo-crosslinked by UV irradiation at 366 nm; next, deamination is achieved by heat treatment; and finally, the target RNAs and the modified ODNs are separated by photosplitting (71, 72) (Figure 3a ).
The results of these studies demonstrated that nonenzymatic site-directed RNA editing exhibits high efficiency, without any side reactions occurring with CV U-or CNV K-modified ODNs for many short singlestranded DNA and RNA targets, such as microRNA 27a and 27b (71, 72) .
Different modified ODNs have different deamination efficiencies and working conditions. CV U-modified ODNs function at both physiological temperature (37°C) and at non-physiological temperatures (high temperatures), while CNV K-modified ODNs function only at nonphysiological temperatures (high temperatures), and as with site-directed enzymatic RNA editing, mRNAs were used as targets because of the many advantages they afford compared with DNA targets, as previously shown. Therefore, in our study, we developed an applicable method for correcting genetic mutations such as Leigh syndrome in vitro and in other biological systems by using CV U-modified ODNs. As with previous methods, our phototherapy strategy involves the use of UVA radiation (366 nm) to photo-crosslink CV U-containing ODNs and cytosine to mRNA targets. The deamination reaction is carried out during a heat-treatment step that is crucial for facilitating the C-to-U substitution reaction. Finally, the cross-linked nucleotide is cleaved by photosplitting (UVB radiation; 312 nm) ( Figure  4a and Figure 5 ). UVB phototherapy is a commonly used treatment modality for psoriasis and other skin diseases. Although UVB has been associated with skin carcinogenesis, to date, no reports have demonstrated a correlation between UVB phototherapy and increased skin cancer risk. Therefore, UVB phototherapy was evaluated as a safe treatment modality (73) .
To investigate photochemical editing, we used the T8993C mitochondrial DNA mutation of a Leigh syndrome patient as our initial model. Leigh syndrome is estimated to occur in approximately 1 of 40,000 live births. Leigh syndrome is a devastating, neurodegenerative disorder related to many types of point mutations; however, in 20% of patients, the disease is associated with the 8993T>C transversion in the mitochondrial DNA ATPase6 gene. The ATPase6 gene encodes a protein involved in the assembly of a subunit of respiratory chain complex V. To restore the mutant sequence to the wild-type sequence, nucleotide 8993 cytidine was converted into uridine in a Leigh syndrome patient. Single-strand (ss) DNA, either 72 or 731 nucleotides in length, was first used as DNA targets to optimize the non-enzymatic site-directed RNA editing reaction. Then, the full-length 823-nt RNA and total RNA were used.
Site-directed deamination was performed as described in Figure 5 . Base substitution from C to U was confirmed by PCR followed by restriction fragment length polymorphism analysis. Mva I could cut the wild-type "CCTGG" sequence, but not the mutant "CCCGG" sequence. Our results demonstrated that successful sequence-specific photochemical base substitution was achieved with various targets, including synthetic single-stranded 72 nucleotide (ss72-nt), ss731-nt, RNA 823-nt, and total RNA from the patient's cells, as targets. Our results showed that approximately 10% of the full-length mRNA was targeted for in vitro deamination under physiological temperatures (74) .
Cells from the Leigh syndrome patient grew slowly and had difficulties taking up exogenous ODNs; therefore, blue fluorescent protein (BFP), a derivative of green fluorescent protein (GFP), was used as a new and more suitable model. BFP differs from GFP by a single nucleotide; therefore, the nt-199 conversion of cytidine to uridine transforms BFP to GFP. Sitedirected deamination was also performed as previously described. Briefly, the responsive CV U-modified ODNs were annealed to the mRNA BFP targets. The mutated cytidine was cross-linked with the responsive ODN by UV radiation (366 nm) and then received heattreatment. Finally, the cross-linked nucleotide is cleaved by the photosplitting operation (312 nm UV). A C-to-U photo-transition product (mRNA GFP) and CV U ODNs were separated after the site-directed deamination process ( Figure 5 ). To confirm the base substitution, PCR-restriction fragment length polymorphism and spectrofluorometry were used. BtgI, a restriction enzyme that can digest "CCACGG" in the coding sequence of BFP, but not "CTACGG" in GFP, was suitable for assessing the BFP-to-GFP transition. Our results showed that site-directed photochemical base substitution was successfully achieved using synthetic single-stranded 100 nucleotide (ss100-nt) and in vitro-synthesized full-length BFP mRNA targets. Approximately 10% efficiency for the C199U transition was exhibited under a physiological temperature (37°C). Although the efficiency was not high, this result constitutes a first step towards using non-enzymatic site-directed transition to restore mutated mRNAs (73) .
The structure and sequence of CV U-modified ODNs are key features affecting the biological functions of ODNs. To investigate the relationship between the CV U-modified sequences and deamination efficiency, a series of ODNs, including 8 CV U-modified ODNs, was subjected to non-enzymatic site-directed C-to-U RNA editing. About structure, the CV U-modified ODNs contain three sections: the complementary section, the hairpin loop, and the 5ʹ-terminal photoresponsive nucleobase CV U. The complementary section plays an important role in anchoring and site-directing the ODNs to their target; the hairpin loop allows ODNs easy access to cells and increases stability. The 5ʹ-terminal photoresponsive nucleobase-CV U constitutes the photoreactive group. Because the 5ʹ-terminal photoresponsive nucleobase CV U was the same in all CV U-modified ODNs, optimization of the complementary section length and hairpin loop length could be manipulated to control deamination efficiency. First, to investigate the structure-deamination efficiency relationship, the length of the hairpin loop was fixed, and the length of the complementary region was changed. In this case, the deamination efficiency depended on the length of complementary region. The lengths of the hairpin structure were set at 7, 9, and 11 nt, and the lengths of the complementary regions used ranged from 10 to 22 nt in length. Next, to evaluate the effects of the hairpin loop length on the deamination efficiency, the length of complementary region was fixed at 10 nt, and the lengths of hairpin structure used were set at 7, 9, and 11 nt. Photochemical base substitution was performed as described ( Figure 5 ). Using a transition from the cytosine (C) of BFP gene to the uridine (U) of GFP gene at position 199 as a model, we were able to demonstrate that the structural sequence-dependent deamination efficiency was very Second, photo-crosslinking between the interacting ODNs is achieved by UV irradiation at 366 nm. Third, heat treatment is performed to drive deamination. Fourth, the target RNA and modified ODN are separated by photosplitting (312 nm UV irradiation). Subsequently, artificial editing occurs with a C-to-U photo-transition (71, 73) .
tight in vitro. The optimum length of the hairpin was 9 nt, and the optimum length of complementary sequence was 15-17 nt (75) (Figure 6 ).
The advantage of non-enzymatic site-directed RNA editing is that the reaction can occur independently of conditions required for enzymatic activity; however, the disadvantage of this approach is low deamination efficiency. Further studies will be required to create other photoreactive groups to improve the deamination efficiency.
Conclusion
C-to-U RNA editing is an interesting biological phenomenon; however, to date its underlying enzymatic and complementary components are not fully understood. Further studies are required to elucidate the components and mechanisms of C-to-U RNA editing in both mammals and plants because this process holds great potential for the correction of T>C or A>G genetic mutations. Although enzymatic site-directed C-to-U RNA editing has not yet to be successfully performed, in theory, it involves the same strategy already used successfully for enzymatic A-to-I site-directed RNA editing; thus, in the immediate future, enzymatic sitedirected C-to-U editing should be evaluated further in practical applications. In addition, non-enzymatic site-directed C-to-U RNA editing was successfully performed even though it has a lower deamination efficiency. The next steps for non-enzymatic sitedirected RNA editing involve the development of other modified ODNs to improve and increase the deamination efficiency at a physiological temperature. In the future, site-directed C-to-U RNA editing including, enzymatic C-to-U editing and non-enzymatic C-to-U editing, promises to effectively correct a variety of human diseases related to T>C or A>G genetic mutations. In our study, the deamination efficiency reached its maximum values with a complementary sequence length slightly more than 14 nt and a hairpin loop length of 9 nt (75).
